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Abstract 
Potomac-Raritan-Magothy sediments of the Atlantic Coastal Plain as 
depicted by quantitative grain shape analysis are a mixture of two sand types, 
each characterized by quartz grains with distinctive morphologies. Shape type 1 
consists of well-rounded and equant grains derived from the Paleozoic elastics of 
, r 
the folded Appalachians. These mature, multi-cycle· quartz grains .c,l:iave been 
smoothed by extensive mechanical processes. Relict quartz overgrowths evident 
on many of the type 1 grains are indictative of a past cementation event. 
Shape type 2 consists of triangular and angular grains derived from major 
metamorphic rock obodies of the Piedmont. The type 2 grains display a very 
low surface relief indicating that mechanical and chemical weathering processes 
were minimal. A two-fold shape zonation is evident in the nonmarine sequence. 
The basal units of the Potomac-Raritan-Magothy Formations are composed 
almost exclusively 
formations consist 
of shape type 2 (Pirmont). The upper units of the three 
of predominantly type 1 grains (Appalachians). The grain 
shape zonation within this nonmarine sequen~e appears to be a result of 
maturation and westward extension of the Cretaceous fluvial systems and 
subsequent access to different source rock types. 
A similarity of shape .signatures indicate that the .Sand Hill Outlier 
correlates best with the undifferentiated facies of the Raritan Formation. The 
undifferentiated "Raritan" possess a shape signature different from and 
intermediate between the overlying true Raritan and underlying Potomac units. 
This may represent a transitional phase in deposition brought on by structural 
modifications of the Atlantic margin causing a northward shift of the major 
Early Cretaceous depocenter. 
1 
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Chapter 1 
Introduction· 
;( 
The nonmarine Cretaceous rocks of the inner Atlantic Coastal Plain have 
been investigated for over a century. The resultant nomenclature is relatively 
simple. Still, many discrepancies exist concerning the age and stratigraphic 
relations of these nonmarine sequences (Jordan, 1983). Stratigraphic correlation 
is difficult because the lithologies are highly variable, both laterally and 
vertically. Several authors suggest that because these variable basal coastal 
plain deposits are difficult to map outside their type locality without the 
resources of Palynology or other biostratigraphic methods, they should be 
considered one undifferentiated unit (Spangler and Peterson, 1950; Groot, 1955; 
Jordan, 1962; Glaser et al., 1968; Hansen, 1969; Owens, 1969). 
Through examination of sediments and their physical properties it is often 
possible to make inferences about the sediment provenance and mechanisms of 
transport and deposition. These methods are applied to both ancient and recent 
deposits. The most commonly used parameters in such an investigation are; 
mineralogy, sediment grain size, sedimentary structures, and biostratigraphy. 
Often however, these properties are insufficient to draw significant conclusions 
about the provenance and transport history of a deposit. The • nonmar1ne 
Cretaceous deposits of the inner coastal plain possess a highly variable lithology 
and compositionally similar sediment source areas (McCallum, 1957; Owens and 
Sohl, 1969). As a result, analysis of traditional sedimentary properties has 
yielded conflicting results. 
Grain shape is a physical property of sediments that has not been been 
quantitatively applied until recently. Sedimentary particle shape is influenced by 
2 
. I 
,, 
') 
'• ~- . . . 
a complex combination of factors: parent rock type, . mine~al composition., 
weathering processes, abrasion history, mode of transport, a,nd diagenetic effects 
(Blatt et al., 1972). Quantitative methods of grain shape measurement make 
" 
shape . studies a useful interpretive tool. Using a newly developed technique of 
quantitative grain shape analysis (Parks, 1981; 1982; 1983a; 1983b ), this study 
attempts to: 
1. Quantify the range of grain shape variation within a specific package ;J 
of Atlantic Coastal Plain Cretaceous sediments; 
2. Resolve patterns of grain shape variation vertically and laterally; 
3. Compare this grain shape stratigraphic framework with the 
conventional sedimentation history and stratigraphy of the area; and 
4. Position a sample of unknown origin ( the Sand Hill Outlier) in this 
framework on the basis of grain shape characteristics. 
The principal rock stratigraphic units included in this study are: the 
Potomac Group, Raritan and Magothy Formations. The investigation is based 
on outcrops of the aforementioned units from Raritan Bay, New Jersey to 
Howell's Point, Maryland (Figure 1-1). The outcrop area lies along the inner 
. 
margin of the Atlantic Coastal plain. The length of the belt is approximat_ely 
·r 
350 kilometers, varying in width from 30 to 75 kilometers. The sediments 
range in age from Early to Late Cretaceous. 
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Figure 1-1: Study area: Magothy Formation [Km]; Raritan Formation [Kr]; 
Potomac Group !Kp] 
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c,hapter 2 
Previous Work 
Quantitative grain shape analysis was first proposed and developed by 
Schwartz and Shane (1969) and Ehrlich and Weinburg (1970). The procedure 
involved recording the peripheral coordinates of a two-dimensional grain 
projection. The outline coordinates ·· were then used to calculate the shape's 
center of gravity. Using a method of radius expansion, the outline was 
"unrolled" and expressed as a Fourier series. Coefficients of the Fourier series 
(harmonic amplitude and phase angle) contained all the essential shape 
information for graphical and statistical analysis. The procedure is based on 
evidence that indicates the maximum projection silhouette of a sand grain in 
stable position • 1S a useful two-dimensional representation of the three-
dimensional grain (Schwartz and Shane, 1969; Ehrlich and Weinburg, 1970; 
Tilman, 1973). 
Initial shape studies concentrated on the" lower order harmonics (2-10) 
which characterize overall gross shape (Ehrlich and Weinburg, 1970; Ehrlich et 
al., 1974). Later investigations used the higher order harmonics (11-20) which 
carry information on the fine scale or textural shape features (Mrakovitch et al., 
1976; Van Nieuwenhuise et al., 1978; Potter et al., 1979; Ehrlich et al., 1980; 
"' 
Mazzulo and Ehrlich, 1~80). The "most recent studies have indicated that the 
lower harmonics or gross shape are most useful in provenance determination 
while the higher order harmonics carry more, information on abrasion history 
' 
and transport (Mazzulo and Whithers, 1984; Mazzulo· et al., 1984). 
Although there are certainly limitations to the Fourier method, applicatio~ 
of Fourier shape analysis has clearly demonstrated that an'alysis of quartz grain · 
5 
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shape can yield meaningful information related to provenance, abrasion history, 
and mode of transport. Clark (1981) _indicated that the harmonic amplitudes 
are rotation-invariant but each associated phase angle is rotation dependent. 
The phase angles are not used in the Fourier shape analysis because of the 
difficulties in dealing with their rotation dependency. The exclusion of the 
phase angle results in the loss of at least one half the shape information. Parks 
( 1981) illustrated the possibility of having more than one distinctly different 
shape with the same harmonic amplitudes, when different phase an_gles are used 
in the reconstruction. 
The Multivariate Rotation Method of grain spape analysis was proposed by 
Parks (1981) as an alternative to Fourier s,hape analysis. In this new method, 
coordinates from the digitized outlines of quartz grains are used to calculate 
thirty-six radial lengths. The radial lengths are projected from the center of 
mass to the boundary of the outline at equi-angular intervals. The radial set 
for each grain is then rotated to match (in a least-squares best of fit sense) an 
. . 
empirically derived reference shape to· align the grains to a common orientation. 
The thirty-six rotated radial lengths for several hundred grains in a sample are 
then used as input into an R-mode factor analysis which extracts six factors __ to 
describe each grain shape. In order to allow for comparison between samples, 
the R-mode factor analysis is applied to a reference sample. A matrix of Beta 
coefficients is extracted from the analysis. The Beta coefficients are then used 
to calculate "estimated" factor scores for each sample, within a set of common, 
.. 
orthogonal reference axes. The individual factor scores are then averaged 
throughout each sample to allow for statistical tests of equality (Hotelling's T 
squared test) to be performed between each pair of samples. 
,_ 
6 
Chapter 3 
Geology 
3.1 Regionnl geology and structural setting 
' 
(j 
The Coastal Plain~ deposits of New Jersey, Delaware, and Maryland lie 
unconformably on Early Paleozoic and Precambrian metamorphics as well as 
Triassic red beds and intrusives (Perry et al., 1975). Post-Paleozoic warping of 
the basement is manifest through the presence of embayments and uplifts along 
e 
the North American continental margin (Figur~-~-1). The irregular basement 
structfire has been a dominant controlling factor in sediment d.ispersal · patterns 
of the Coastal Plain deposits (Owens et al., 1968). 
The Coastal Plain sediments can be separated into four natural rock 
sequences as defined by Owens and Sohl (1969). They include in ascending 
order: predominantly nonmarine fluviatile deposits of Early to Late Cretaceous 
age; · interstratified deltaic and shelf deposits of Late Cretaceous to Early 
'l 
Tertiary age; marginal marine to marine sediments of Middle Miocene to 
Pliocene age; and .fluviatile deposits of Quaternary age. 
The basal nonmarine deposits are part of a seaward-thickening wedge of 
-- ~ ·----·------
unconsolidated to semi-consolidated sediments which range·· in age from Early 
Cretaceous to Quaternary. The sediment package varies in total thickness from 
several hundred meters at the fall line to over 10,000 meters in some of the 
major structural embayrnents (Minard, 1974). 
,. 
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Figure 3-1: Major :,..structural features of the basement beneath the Atlantic 
Coastal' Plain [from Owens ,:and So,hl, 1968) 
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~·. 2 Stratigraphy 
The stratigraphy of the nonmarine Cretaceous formations has been · the 
subject of considerable debate for a number· of years. In most cases the 
nomenclature has been developed for a particular type locality. Because lateral 
variations in lithology are a characteristic feature of the nonmarine sequences, 
stratigraphic correlation along strike is exceedingly difficult. 
8.2.1 Potomac Group 
The basal Coastal Plain unit in Southern New Jersey, Delaware, and 
Maryland is the Potomac Group (Hansen, 1969; Minard, 1980). This unit 
unconformably overlies the undulatory basement rock. The Potomac sediments 
are thickest in the Salisbury Embayment and thin to the northeast, wedging out 
somewhere near Trenton, New Jersey (Figure 3-1). The wedge geometry is 
thought to be a result of differential subsidence in the basement structure, 
which caused the Potomac depocenter to move northward (Andres, 1984). 
The Potomac Group in Central Maryland is presently sub-divided into 
three formations. The formations are, in ascending order; the Patuxent 
,Arundel, and Patapsco Formations (G1aser,1968). The subdivision· of the three 
formations is made possible by the separation of the-upper and lower arenaceous 
units by the Arundel Clay. However, to the south the Patuxent and Patapsco 
Formations become increasingly clayey making such division of lithologies 
difficult. To the north the Arundel Clay disappears altogether making 
subdivision an impossibility. As a result, many workers dispute the breakdown 
of the Potomac Group and consider it one lithologic unit or formation (Groot, 
1955; Southwick and Owens, 1968; Jordan, 1983). 
9 
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3.2.2 Raritan Formation 
The Raritan Formation is the lowermost unit found in the Coastal Plain 
of North-Central New Jersey as there is no evidence of Potomac age sediment 
in the northern regior1 (Dorf and Fox, 1952). The formation is thickest in the 
Raritan Embayment, the major depocenter of · early Late Cretaceous time 
(Owens and Sohl, 1969). The Raritan then thins to the southwest where it is 
believed to wedge out somewhere near the Delaware River (Figure 3-1). 
At the type locality in Raritan Bay, New Jersey, the formation is divided 
into seven units (Ries, 1904). These units were .later recognized as individual 
members by Barksdale et al. (1943). They are in descending stratigraphic 
order: 
• Amboy Stoneware Clay 
• Old Bridge Sand 
• South Amboy Stoneware Clay 
• Sayreville Sand 
• Woodbridge Clay 
• Farrington Sand 
• Raritan Fire Clay 
The Amboy Stoneware Clay and Old Bridge Sand ·have subsequently~een 
ij 
reasigned to the overlying Magothy Formation on the basis · of Palynological 
data (Owens and Sohl,1969; Wolf and Pakiser, 1971). 
A different facies of the Raritan Formation is found in southern New 
Jersey along the Delaware River. Correlation of the Delaware river facies with 
individual members at the type locality has been attempted, mainly through the 
use of subsurface data (Greenman et al., 1961). However, the Raritan 
10 
/ 
ti 
Formation is a highly variable lithologic unit, making such correlations 
(J 
exceedingly difficult ( Owens and Sohl, 1969; Minard, 197 4). 
J 
3.2.8 Magothy Formation 
The Magothy Formation is· continuous throughout Maryland, Delawar~-
and New Jersey. 
-·. 
Depending upon location along strike, the Magothy 
unconformably overlies the Potomac or Raritan sediments (Minard, 1980). 
':c:hickest accumulations of the Magothy are found in the Raritan Embayment 
(Figure 3-1). The formation thins to the southwest along strike to a thickness 
of about 15 meters. 
In the Raritan Embayment the Magothy Formation is resolvable i'nto four 
© 
units; the basal Old Bridge Sand, Amboy Stoneware Clay, Morgan Beds, and 
the uppermost Cliffwood Beds (Wolfe and Pakiser, 1971). Southwest of the 
Raritan Bay area, after the formation has thinned considerably, the four units 
are no longer evident · (Perry et al., 1975; Minard, 1980). Lithologic and 
paleobotanical evidence correlate these thinned beds of the more southern 
Magothy with the upper Magothy at the type locality (Minard, 1974). This 
correlation suggests that the southern portion of the Magothy Formation is 
missing a significant thickness of its lower section, a possible effect of prolonged 
erosion in the southern region. 
11 
? 
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3.2.4 Sand Hill 
A type of stratigraphic problem that is exceedingly difficult to resolve by 
traditional means occurs when unfossiliferous beds are found out of their normal 
sequence as defined by a standard reference section. Such a problem most 
commonly occurs at the extreme margins of a deposit where there is onlap onto 
older formations above an unconformity. Subsequent erosion may isolate 
portions of the deposit in an outlier, making it impossible to trace the beds in 
question laterally into their proper position in the sequence. 
Sand Hill, northeast of Princeton, Middlesex County, is such an outlier 
(Figure 1.1). The badly weathered, unf ossilif erous, iron-stained, and locally 
cemented sands rest on a low basalt ridge. Although the outlier is out of 
I 
context in the normal stratigraphic column, Sand Hill is presently mapped as 
Raritan Formation. However, the outlier may actually correlate to a number of 
different Cretaceous and Tertiary Formations due to the lack of any diagnostic 
sedimentary features (Widmer, 1964). 
3.2.5 Palynological Methods 
Clearly some of the most valuable contributions concerning stratigraphic 
relations within the • nonmar1ne Cretaceous section have come from recent 
palynological research (Wolfe and Pakiser, 1971; Doyle, 1977; Christopher, 1979). 
Detailed investigations of the rapidly evolving angiosperm pollen through 1 the 
Cretaceou~ has resulted in the recognition of distinct pollen zones (Brenner, 
1963). The zonal scheme is based largely on the progressive entry of new 
pollen elements into the system. This scheme has been extremely valuable in 
the clarification of Potomac-Raritan-Magothy time relations (Doyle, 1977). The 
pollen zonal scheme and corresponding stratigraphic age relations are shown in 
, I 12 
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Table 3-1. 
3.3 Lithology 
Large and abrupt variations in lithology, both lateral and vertical, are 
typical of the Potomac Group (Glaser, 1969). The unit is composed of varying 
amounts of gravel, sand, silt, and clay. The component formations of the · 
Potomac Group are distinguished largely on mass lithologic properties such as 
color, texture, grain size, and overall sedimentary features. Glaser {1969) 
describes the Patuxent Formation of central Maryland as medium to coarse 
sands with significant amounts of gravel interbedded with thin, pale-gray clays. 
The Arundel Formation consists of primarily a tough, dark gray to maroon, 
massive clay, containing siderite concretions and lignite ( Jordan, 1983). The 
Patapsco Formation is typically finer grained than the Patuxent with fine to 
medium, yellow clayey sands, interstratified with silty clays, mottled in shades 
of red, gray, brown, and purple. 
The Raritan Formation is also quite variable in character. At Raritan 
Bay, New Jersey, the formation consists of five alternating sequences of sands 
and clays (Owens and Sohl, 1969). The clay units are mostly dark, thick- to 
thin-bedded sequences of micaeous silts and clays, with large amounts of lignite. 
The Woodbridge Clay is somewhat atypical of the nonmarine Raritan, possessing 
a collection of marine fossils, borings, and siderite concretions (Ries, 1904). The 
sand sequences are typically light-colored, medium grained sands with interbeds 
of light- to dark-colored clayey silts. Localized co·arse sand beds appear 
sporadically but gravel is rare. The sand sequences are also extensively cross- -· 
stratified with beds ranging in thickness from a few centimeters to almost one 
meter (Minard, 1974). 
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The Magothy Formation is perhaps the least lithologically complex of the 
• 
nonmar1ne sequen·ces. The Magothy sand and clay units are relatively 
homogeneou·s · and laterally traceable for hundreds of meters (Glaser, 1969; 
. Minard, 197 4). The basal sand unit consists of medium-grained, light-colored, 
. 
cross-stratified sands. The sands are overlain by dark, massive to laminated, 
micaeous, silty clays with abundant fine-grained carbonaceous mat.ter and sandy \~ 
interbeds (Jordan, 1962; Weaver et al., 1968; Owens and Sohl, 1969). 
3.4 Mineralogy 
Heavy mineral studies in the Potomac Group, Raritan, and Magothy 
Formations have been conducted in Maryland (Glaser, 1969), Delaware (Groot, 
1955), Southern New Jersey (Andres, 1984)_, and Central New Jersey (McCallum, 
., 1957). Well defined stratigraphic variations • 1n relative heavy mineral 
abundances can be established within much on the nonmarine Cretaceous 
section. A compilation of work done on the Potomac Greup reveals a two-fold 
heavy mineral zonation. The lower Potomac Group (Patuxent) has a staurolite-
ky anite-zircon-tourmaline suite characterizing the sediment (Glaser, 1969). The 
upper Potomac Group (Patapsco) is composed of an impoverished suite of 
zircon-rutile-tourmaline (Glaser, 1969). Examination of compositional data from 
the Potomac Group clearly demonstrates that successively higher beds within the 
Potomac are increasingly more mature. 
Heavy mineral results from the Raritan and Magothy Formations are less .. 
, 
conclusive than those of the Potomac Group. Results from work done on the 
Magothy Formation reveal that one suite of minerals, staurolite- kyanite-zircon-
tourmaline, is representative of the entire formation (Owens and Sohl, 1969). 
However, this analysis incorporates data from the entire sequence at Raritan 
15 
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Bay where the upper and lower parts of the form~ion are preserved and 
averages the dat.a into one value. Additionally, the Magothy sediments, 
continuous from New Jersey to Maryland pass through several different geologic ( 
provinces and therefore imposes a regional effect on the provenance results 
( Owens and Sohl, 1969). Since the data ar-e distorted in this manner, the · 
utility of the Magothy heavy mineral data as a provenace indicator for a 
localized region is minimal. 
The heavy mineral data compiled from the Raritan Formation is distorted 
in much the same way. Average values from the complete section reveal an 
impoverished suite of zircon-rutile-tourmaline characteristic of the formation. 
However, several workers have noted a significant varition in mineralogy within 
the Raritan Formation (McCallum, 1957; Owens and Sohl, 1969). 
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4.1 Sample Preparation 
Chapter 4 
Methods 
4 ( 
Eighty random grab samples were taken from within the Potomac Group, 
Raritan, and Magothy Formations along the Cretaceous outcrop area, in various 
localities, from Raritan Bay, New Jersey to Howell's Point, Maryland. A 
detailed listing of sample locations appears in Appendix A . The sample set 
was subsequently reduced to thirty-six through the exclusion of samples with a 
negligble sand fraction. An additional four samples were obtained from the 
EPA (Andres, 1984). The samples provided by Andres (1984) are drill cores 
penetrating the complete Potomac section at Salem County, New Jersey. 
In the laboratory, the samples were treated with sodium metaphosphate to 
disperse any sediment particle aggregations. The samples were then wet sieved 
through a 62.5 micron ( 4.0 phi) sieve to separate the silts and clays from the 
sand. A size analysis of the sand fraction (-1.0 to 4.0 phi) was performed at 
0.5 phi intervals. The 350-500 micron {L~ to 1.5 phi) size interval was selected 
for shape analysis because it was a dominant size fraction throughout the 
I; 
sample set. This size fraction was passed though a magnetic separator to 
isolate the quartz population. The largely quartz-dominated samples were then 
' 
D 
treated with a 10% solution of hydrochloric acid tR remove iron oxide· coatings. 
A final treatment in 25% hydrofluoric acid for 90 seconds was applied to etch 
th~ feldspar and allow discrimination between quartz, and feldspar grains. The 
samples were found to contain only trace amounts of feldspar at isolated sample 
localities. Schultz (1980) demonstrated that quartz grain shapes were not 
17 
significantly altered by hydrofluoric treatment when using the specified exposure 
time and concentration. 
Prior to digitization, each sample was examined under a binocular 
microscope where 200 grains were randomly selected. The grains were then 
placed loosely on a glass slide and digitized by tracing the projected two-
dimensional grain boundary on a semi-automatic digitizing tablet. 
4.2 Data Collection 
The two-dimensional outlines of quartz grains were measured and recorded 
as a series of paired x-y coordinates using the equipment shown in Figure 4-1. 
The hardware used for shape data collection include an IMS 5000 
microcomputer, Winchester hard disc drive, Houston Hipad II electronic 
digitizing tablet, and a Fisher microprojector. The interface between the I 
digitizing tablet and microcomputer was implemented by Fortran programs. 
Prepared slides containing the quartz grain samples were placed on the 
stage of the microprojector which projected individual grain images onto the 
digitizing tablet. The grain outline was then manually traced with the 
digitizing stylus in a period of about 10 seconds. The digitizer was set in a 
switch-stream mode which measured the position of the stylus at 25 millisecond 
~ 
intervals. As a result, 150-200 data points were collected for each grain. The 
procedure was repeated for all of the grains in each of the samples and the 
resultant set of coordinates were stored on floppy discs for further analysis. 
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Figure 4-1: Equipment used for collection and processing of grain shape data 
f from Collins, 1983] 
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4.3 Data Processing 
4.3.1 Multivariate Rotation Method 
The shape coordinate data sets were then processed using the Multivariate 
Rotation Method of Parks (1982). Early studies involved the use of three 
programs to process the coordinate data (Collins, 1983; Blanchard, 1985). 
These programs have since been combined into one large program by Mengel 
(personal communication) resulting in a significant savings in computer time. 
The multivariate rotation program first checks for a minimum of 100 
coordinate points for each grain outline and that the coordinates define a closed 
outline. An algorithm by Hall (1976) was then used to calculate the center of 
mass of each outline. The next algorithm .,.calc-ulates a radial length from the 
center of gravity for every third pair of x-y coordinates on the shape outline, 
resulting in the calculation of between 50 and 60 radial lengths. A cubic 
interpolation procedure by Parks (in preparation) reduces the number of radial 
lenths to 36, spaced at 10 degree intervals about the center of gravity. 
The grain outlines, represented by 36 equiangular radial lengths, are 
rotated about their centers of gra.vity at 10 degree intervals, to a best fit 
position relative to a specific reference shape, by a least squares method. The 
radial lengths are then flipped about the horizontal axis and the rotation 
process is repeated. Then, if the flipped correlation is better than the unflipped 
correlation, the shape stays flipped, otherwise the radials are reordered back to 
the unflipped position. A final algorithm adjusts the· rotation to correct for the 
I 
error caused by rotation at 10 degree intervals. The radials are then 
renumbereg clockwise with radial one pointing ~o the east. 
The selection of a proper reference shape is of primary importance in the 
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rotation procedure. A good reference shape insures the rotaion to a common 
orientation for all grain outlines. The reference shape used in initial studies is 
shown in Figure 4-2a. Another reference shape, developed by Mengel (1985), is 
used in this study (Figure 4-2b ). T4e latest reference shape aligns the grains in 
a common orientation far better than earlier attempts. Common orientation of 
all grains within each sample is important because it allows for meaningful 
comparisons to be made between grains and samples (Parks, 1981; 1983b). In 
addition to the achieved common orientation of grains, the · Multivariate 
Rotation Method also provides a reduction in the data set by more than 80%. 
This data reduction creates a more manageable data set for further analysis. 
4.3.2 Factor Analysis 
R-mode factor analysis is a multivariate technique designed to analyse 
inter-relationships within a set of variables. The goal of any factor analysis is 
to construct a few hypothetical variables called f~ctors which contain essentially 
' 
the same information as the larger set of observed variables (Joreskog et al., 
1976). The factors are constructed in such a way as to take advantage of any 
inter-relationships between observed variables, thereby reducing ··the complexity of 
the data set. Factor analysis may actually be thought of as a multivariate 
method of data reduction (Davis, 1973). R-mode factor analysis appears to be 
an obvious approach for the necessary and additional .reduction of the radial 
data set used in shape studies. To this point in the analysis, the shape data 
set consists of thirty-six rotated-radials (variables) describing each grain. 
I 
Multiply this number times the number of grains per sample (200) and number 
of samples in the study (40) and the· great amount of data is apparent. 
Clearly, fewer variables would be highly desirable to describe the parameter of 
21 
! 
. \ 
• • I 
+. 
A 
B 
Figure 4-2: A. Reference shape used in previous studies, B. Reference shape 
used in present study 
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shape while still retaining all of the information of the larger data set. 
R-mode factor analysis is basically a multivariate procedure that uses 
algebraic matrix manipullftions to create a new frame of reference for t
he 
variables of the data set (Davis, 1973). Summarized .. bri~fly, the procedure 
calculates a set of factor scores, orthogonal and uncorrelated to one another, 
to 
describe each grain. · The number of factor scores is usually significantly l
ess 
than the original number of variables (rotated-radials). The factor score matrix 
is calculated from the matrix equation (Davis, 1973): 
[ F] == [ X] x [ L] x [ SJ - 1 
Where [F] is the nxp factor score matrix {n grains, p factors), [X] is the 
nxm standardized data matrix ( n grains, m variables), [L J is the mxp factor 
loadings matrix (m variables, p factors), and [S)- 1 is the pxp inverse factor 
covariance matrix (p factors). 
Parks {Personal communication) observed difficulties in the application of a 
"pure" R-mode factor analysis in shape studies. The primary problem was t
hat 
the factor loadings matrix, [L] changes for each data set, automatically centering 
around the mean of that particular sample. Therefore, factor score results fr
om 
separate samples are measured from dissimilar sets of orthogonal reference ax
es. 
Size and time limitations of the computer discourage running 40 sets of 
200 
grains in one batch. As a result, comparisons between ·· samples that 
are 
measured from dissimilar reference axes would yield meaningless results. 
Parks {1983a) suggested a method that uses an R-mode factor analysis 
which produces ~imilar data reduction but also allows for the direct compari
son 
, .... ,1· 
between samples. The method computes "estimated factor scores" which can
 be 
directly compared between samples. In this procedure an R-mode factor analy
sis 
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is run on a specially chosen reference sample. From the reference data set a 
Beta coefficients matrix is calculated through the product of the factor loadings 
matrix, [L] and the inverse of the factor covariance matrix, [S]-1. The Beta 
coefficients ;matrix is then used as a constant in the following matrix equation 
-~ to estimate factor scores [F]' for each sample: 
[ F] '= [ X] x [ BJ 
Where [BJ is the mxp Beta coefficient matrix from the reference set and 
[X] is the nxm standardized data matrix for each 200 grain sample. In this 
method the factor axes remain constant for each set of variables through the 
complete data set of 40 samples. Therefore, comparison of any factor between 
samples is po~sible since the underlying variables for each factor do not change. 
This procedure also allows comparisons between different data sets from other 
studies, as long as the same reference data set is used. 
The Beta coefficients matrix for this study was generated from a sample of 
the St. Peter _Sandstone, St. Paul, Minnesota (Appendix B). The factor analysis 
produced. six factors which accounted for 96.0% of the. variance in the sample. 
The St. Peter was chosen as a reference set primarily because of the extremely 
simplistic grain shapes of these mature, well-rounded, multi-cyclic sands. The 
well-rounded shapes of the reference sample allowed for a more straight forward 
comparison between samples because deviations from the reference sample could 
be considered as increasing degrees of non-sphericity .. 
Application -of the modified R-mode factor analysis to the rotated-radial 
' 
data resulted in a further data reduction of an additional 80%, whereby six 
factors or "shape descriptors"· represent each individual grain . 
• 
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4.4 Data Analysis 
4.4.1 Mean estimated factor scores 
I 
The grain shape data, reduced to the more manageable . form of six factor 
scores, provided the basis for comparisons to be made between samples. Collins 
(1983) found that visual discriminations could be made between samples by 
comparing plots of the mean estimated factor scores for each sample. Six 
estimated factor score means were calculated for each of the forty samples and 
plotted for visual inspection. 
Collins (1983) and Blanchard (1985) demonstrated that mean estimated 
factor scores could also be treated statistically for a mathematical comparison 
between samples. Collin ( 1983) found that Hotelli.ng 's T squared and 
Mahalanobis' D squared tests, which can be transformed into the F statistic, 
can test for the equality of sample factor means between two groups. The 
statistics were computed using the BMDP statistical software program BMDP3D 
of Dixon ( 1983). The statistical test hypothesis, Ho: there is no difference 
between groups, was only accepted if the F value was below the critical F value 
at the 95% significance level and the appropriate degrees of freedom. An 
additional feature of the program calculates a P value which is a measure of 
the similarity between groups. The P value ranges from 0.0 (no similarity) to 
· 1.0 ( complete similarity). 
All samples in the data set were subjected to a pairwise analysis with one 
another to determine similarities and differences between the samples' shape 
signature. The samples were then tested for within formation differences to 
check the hypothesis that sediments within the same formation yield a similar 
-.. _; 
shape signature. Once within sample v~riations were determined, tests were 
25 
'i 
,, 
made between formations to see if significant discriminations could be made. 
4.4.2 Shape frequency distributions 
The basic sedimentary property of detrital grain shape may not strictly 
conform to a normal distribution as found in the depositional environment (Full 
et al., 1984). The shape frequency distribution may more accurately be referred 
to as a shape spectra, often consisting of complex, polymodal subpopulations. 
Therefore, it is apparent that using parameters such as the mean and standard 
deviation, with the underlying assumption of a normal distribution, may result 
in poor representation of a sample's shape signature. The idea of the non-
normal shape distribution has evolved mainly from work on • •
 grain size 
distributions (Visher, 1969; Middleton, 1976) -where evidence of non-normality 
has been previously observed. 
The factor score data for each sample were input to a program from the 
BMDP statistical software package (BMDP5D of Chasen, 1983) that calculates 
frequency distributions for each of the six shape descriptor factors. 
Subsequently, six "shape frequency distributions" are used to describe each 
sample's shape signature. The factor scores range in magnitude from -7.5 to 7.5 
and were divided into thirty intervals of width 0.5. The six shape frequency 
distributions were then expressed as histograms and reproduced on tracing paper 
for visual comparison between samples. Through visual examination, the shape 
factor distribution of maximum variability between samples was selected and 
stored on the mainframe computer for further analysis. 
I 
26 
I 
-,:':"'" 
, 
'I· ' 
4.4.3 Q-mode -· factor analysis 
A sample's shape signature is adequately represented by. six factor shape 
frequency distributions. Variability between samples may be observed by 
comparison of these shape distributions. However, there is a need to quantify 
relationships or trends in grain shape. One way to view the data is to consider 
individual samples as mixtures of a relatively small number of end members 
(Imbrie and Van Andel, 1964). Therefore, combining end member compositions 
in the correct proportion, the original sample compositions may be reproduced. 
-4, 
In many geologic problems, the number of end members and their compositions 
are unknown. The goal of such a study involves the "unmixing" of the given 
sample compositions into a number of en:d members which are geologically 
reasonable (Full et al., 1984). Q-mode factor analysis ha,s been used in this 
fashion to solve a number of geologic problems: heavy mineral compositions 
(Imbrie and Van Andel, 1964), grain size (Klovan,1966), and grain shape 
(Mazzulo and Ehrlich, 1980; Mazzulo et al., 1984). 
A version of Q-mode factor analysis, EXTENDED CABFAC/FUZZY 
QMODEL (Full et al., 1982), was run on the shape frequency data sets. The 
goals of the analysis were to reveal how many end member shape types are 
present within the sample set and to calculate approximate shape type 
proportions within each sample. Quartz sand grains from samples containing 
greater than 70% proportions of each of the end member shape types were 
examined with an · ETEC Autoscan scanning electron microscope. Surface 
textures as well as grain morphology were investigated to help determine the 
1· 
i 
./ 
origin of each end member shape type. Results of this analysis were expected 
to aid in the interpretation of relative provenance contributions as well as 
27 
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depositional and transport histories of the nonmarine Cretaceous deposits. 
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Chapter 5 
Results 
5.1 R-mode factor analysis 
The major purpose for application of an R-mode factor analysis to the 
rotated-radial shape data was to achieve a reasonable reduction in the size of 
the data set without significant loss of information. A primary goal in all 
previous shape studies has been to describe the parameter of shape with as few 
variables as possibl~. Earlier workers using the R-mode factor analysis approach 
\_,, 
of data reduction have demonstrated that six variables or factors can be used to 
adequately describe shape (Collins, 1983; Blanchard, 1985). However, a major 
weakness of the factor analysis technique has been in the ambiguity of what 
these new shape descriptors (factors) actually represent. An understanding of 
the physical meaning of individual factors and their relative contribution ,to the 
actual grain shape is of critical importance in the shape study. Such insight 
into the factor problem allows not only the ability to discriminate between 
different shape types, but also indicates how the different shBtpes vary from one 
another to warrant discrimination. 
Insight into the factor definition problem was achieved primarily through 
closer examination of intermediate steps within the- factor analysis procedure 
itself, notably the · factor loadings matrix. From the mxn data matrix {m 
variables, n grains) an mxm covariance matrix is calculated. Each row of the 
covariance matrix is then expressed as an eigenvector. The factor loadings are 
simply the coefficients in the linear equation or eigenvector. Joreskog et al. 
(1976) found it more logical to refer to the factor loading matrix as the factor 
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pattern. The factor loadings establish a correlation between the variables 
(rotated-radials)· and each factor. Simply stated the factor loadings quantify the 
contribution of each variable to the factors constructed (Appendix C) 
The factor loadings on each factor were plotted on radial coordinate graph 
paper to examine the "factor pattern" produced. Each factor displayed a 
characteristic shape pattern (Figure 5-1). Factor analysis was run on a number 
of different quartz grain samples each possessing widely differing shape 
characterisics. Mengel (1985) used the same procedure on particles from a 
J 
carbonate enviroriment. All tests produced essentially identical shape patterns 
for each factor. Factor one represents an elongate component of shape. Factor 
two appears to be a contribution of shape asymmetry. Factor three represents 
a triangular component of shape. Factors four and five represent a rectangular 
component of shape in two different orientations. Factor six represents a five-
sided component of shape. 
., 
Examination of the factor loading matrix provided the information 
necessary to determine the physical significance of the factors. The factor scores 
however quantify the relative contribution of each factor to the overall shape. 
Figure 5-2 demonstrates the relationship between the factor scores and the 
resultant shape. The more negative the factor score value, the more prominent 
that particular shape characteristic is manifest in the observed shape. 
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Figure 5-1: Polar coordinate plots of the unrotated factor loadings for 
factors one through six 
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Factor I (Elongation) 
-5.262 1.421 
Factor 3 (Triangularity) 
-6.061 1.749 
Figure 5-2: Effect of factor scores on overall shape: examples from within 
the Potomac-Raritan-Magothy data set 
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5.2 Mean estimated factor scores 
' 
Given the assumptipn that the occurrence of detrital quartz grain shapes 
in a sediment follows a normal distribution, plots of mean values of the 
estimated factor scores allow for visual inspection of differences and similarities 
between samples. Statistical analysis of the estimated factor scores involves 
application of Hotelling's T squared test for between sample comparison. The 
statistical comparisons are calculated to confirm and elaborate on results from 
the visual inspection. 
5.2.1 Within formation variation 
A mean factor plot for representative samples within the Potomac Group 
shows a curious within group variation of shape types (Figure 5-3). A distinct 
grouping of samples from the upper and lower Potomac is apparent. The 
distinction between upper and lower units is seen well in factor 2 and 
particularly factor 3. These observations indicate that the Potomac Group 
posseses two separate shape signatures, a lower, asymmetrical and triangular 
shape type, and an upper, symmetrical and non-triangular shape type. 
Table 5-1 shows results from Hotelling's T squared test on samples within 
... 
the Potomac Group. The results show that there are significant differences 
' 
between the upper (Patapsco Fm.) and lower (Patuxent Fm.) Potomac Group. 
Tests of equality were also run on samples within the upper and lower Potomac 
to test for variation within the previously defined shape zones. No significant 
differences wer~ found between any of these samples. · 
Mean factor plots for representative samples within the Raritan Formation 
show a similar zonation between upper and lower members of the formation 
(Figure 5-4). Again the zonation is seen clearly in factors 2 and 3. The 
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Sample Cpmparison 
Patuxent-Patapsco 
(lower-upper) 
Within group tests 
Patuxent Fm. 
* A104-CL3B 
Patapsco Fm. 
• CL3A-P2A 
• CHP-CL3A 
Potomac Group 
D I T 
0.170 g7 .06 
0.016 3.2g 
0.013 2.48 
0.066 11.2g 
F 
16.16 
0.66 
0.41 
1.87 
df 
6,2772 
6,788 
6,790 
P value 
o.oo 
0.77 
0.87 
0.08 
Bo:~ No difference between groups. Critical F value=2.09 
• Denotes Bo accepted at 96~ significance level 
D -Mahalanobis D statistic · 
T -Botelling's T statistic 
df-Degrees of freedom 
P value-Coefficient of similarity 
Table 5-1: Results of Hotelling's T squared test using estimated factor scores 
from the Potomac Group 
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composite shape type distribution consists of a lower asymmetrical and 
triangular signature and an upper, symmetrical and non-triangular signature. 
Additionally, a zone intermediate to the upper and lower units is present. This 
zone comprises samples from t'he undifferentiated "'Raritan". This facies is 
presently grouped with the true Rariat_an Formation; however, age relations and 
biostratigraphic data suggest such a classification may be questionable. 
Results , from Hotelling's T-squared test of all samples within the Raritan 
Formation confirm visual observations (Table 5-2). All sample compariso!ls 
between upper, lower, and intermediate units are found to be significantly 
different; whereas comparisons within the defined shape zones show no 
significant differences. 
Figure 5-5 illustrates a mean factor plot for samples within the Magothy 
Formation. The zonation found in the previous two lithologies is also visible in 
the Magothy. The distinction between an upper and lower shape type is based 
predominantly on separation of values in factor 3. The separation of values in 
factor 2 is not quite as large as in the previous formations but still resolvable. 
Results from statistical tests of equality between samples of the upper and 
lower Magothy find significant differences in all comparisons (Table 5-3). Tests 
of within group variation in the lower Magothy find no significant differences 
between samples. Tests of within group variation in the upper Magothy 
however, yield significant differences between some of the samples. These 
differences, however, may be attributed to regional effects. The upper Mago thy 
is the only formation within the . sample area that is continuous from New 
Jersey to Maryland. The samples found to differ were sampled more than 400 
kilometers apart in close proximity to two different geologic provinces. For 
37 
• 
Sample Comparison 
Farrington-Sayreville 
(lower-upper) 
Farrington-Raritan Un. 
Sayreville-Raritan Un. 
Within group tests 
Farrington Mbr. 
• RF2-RF6 
Sayreville Mbr. 
x XS1-XS4 
Raritan Undiff. 
• DAl-NJRA 
Raritan 
D T 
0.164 62.80 
0.038 16.41 
0.046 18.34 
0.063 10.93 
0.068 13.73 
0.049 9.79 
'I 
Formation 
< 
F df 
10.44 6,1620 
2.66 6, 1620 
3.06 6, 1597 
1.81 6,814 
2.27 e,7gg 
1.62 6,791 ) 
p value 
o.oo 
0.10 
0.06 
0.69 
0.33 
0.44 
Bo: No difference between groups. Critical F value=2.0Q 
• Denotes Bo accepted at 96% significance level 
x Denotes Bo accepted at 99~ significance level 
D -Mahalanobis D statistic 
T -Botelling's T statistic 
df-Degrees of freedom 
P value-Coefficient of similarity 
Table 5-2: Results of Hotelling's T squared test using estimated factor scores 
from the Raritan Formation 
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Sa.mple Comparison 
Lower Magothy-
Upper Magotby 
Within group tests 
Lower M~gothy 
• R02-XJ4 
Upper Magothy 
CHM-N.TMA 
Magothy Formation 
D T 
0.098 39.03 
0.061 12.16 
0.092 18.69 
F df 
6.49 6,1696 
2.01 6,787 
3.08 6,801 
Pvalue 
0.00 
0.06 
0.01 
Bo: No difference between samples. Critical F value=2.09 
• Denotes Bo: accepted at 96% significance level 
D -Mahalanobis D statistic 
T -Botelling's T statistic 
df-Degrees of freedom 
P value-Coefficient of similarity 
\. 
Table 5-S: Results of Hotelling's T squared test using estimated factor scores 
from the 1'1agothy Formation 
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these reasons a different shape signature is not entirely unexpected. 
5.2.2 Stratigraphic relationships 
Once a shape type distribution or zonation has been· established within the 
individul-\l formations, an investigation into the correlation and discrimination 
between formations may be undertaken. Within the three lithologic units of 
~ 
this stu'dy, seven separate shape zones have been resolved. 
('-
These zones 
(previously defined) include: the upper and lower units of the Potomac Group, 
Raritan, and Magothy Formations, as well as the undifferentiated facies of the 
"Raritan". For the purpose of interformational analysis, :mean values of factor 
' 
scores are calculated from all samples within the defined zones (Appendix D). 
The mean factor scores are plotted to resolve similarities and differences 
between the shape zones (Figure 5-6). Also included on the mean factor score 
plots are the mean factor scores from samples within the Sand Hill outlier to 
investigate possible correlations with this problematic deposit. Examination of 
.the mean factor plot shows that best discrimination between groups is seen in 
factor 3 or the sample's triangularity. Three well defined groups are apparent 
in the factor plot data. The first grouping of shape types is characterized by 
the highly negative values of factor 3. This grouping is comprised exclusively of 
samples from the ~basal units of the Potomac Group, Raritan, and Magothy 
Formations. The second grouping has more intermediate values for factor 3 and 
consists of samples from the "Raritap" undifferentiated, upper Magothy, and 
. 
Sand Hill outlier. The last grouping, evident from the least negative values of 
factor 3, contains samples from the upper units of the Potomac Group and 
Raritan Formation. 
,· 
Pairwise statistical tests of equality on all possible combinations of the 
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seven defined shape zones confirm observations from the graphical analysis 
(Appendix E). The method clearly discriminates ·between upper and lower units, 
both within and between formations. Unfortunately, the statistical tests, like 
the graphical methods, fail · to· perceive any difference in the shape signature 
between upper units of the three formations. The basal units are also 
indistinguishable between the three formations. However, the method effectively 
discriminates the shape signature of the Sand Hill outlier from both the upper 
and lower units of all three formations, thereby eliminating the possibility of 
correlation with these shape .zones. 
The greatest similarity between shape zones is observed in comparison of 
the Sand Hill outlier and undifferentiated "Raritan" facies. These samples show 
no significant differences at the 99% significance level. In addition, the 
statistical analysis calculates a P value of 0.68, where 0.0 represents no 
correlation and 1.0 r~presents complete correlation. As the shape signature of 
the undifferentiated "Raritan" facies is most closely associated with that of the 
Sand Hill outlier, this facies appears to be the most reasonable candidate for 
correlation with the outlier . 
.. 
5.3 Q-mode factor Analysis 
Prior to application of a Q-mode factor analysis on the shape data, a 
modification of the data format was necessary. 
. 1: ~ 
To make the factor score data 
-
compatible for a Q-mode analysis, .the set of factor scores, which quantify the 
individual grain shapes, were reduced to a set of six frequency distributions that 
describe each sample. The shape distributions could be summarized graphically 
in the form of histograms which plot the frequency of occurrence as a function 
of factor score amplitude (Figure 5-7). 
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. Examination of the shap,e frequency histograms re.veals that grain shape 
does not . clearly follow a normal distribution. The histograms actually appear 
to be composed of several different modes. The presence of separate modes in a 
particular shape frequency curve suggests that the individual samples are in fact 
. 
composed of a mixture of several different shape types. These different s)iape 
types may be the result of a mixing of different sediment sources. 
The purpose- of Q-mode factor analysis is to "unmix" the samples by 
determining the number of grain shape types present and evaluating the relative· 
contribution of the shape types to each sample. The unmixing procedure may 
be applied to only one shape factor frequency distribution at a time. 
Additionally, not all the factors will be useful in the procedure because some 
may be invariant between samples. The Q-mode analysis is run only on factors 
which display the maximum variability between samples. These factors of 
maximum variability provide the most comprehensive information concerning the 
unmixing procedure and therefore give the most accurate results. 
The selection of an appropriate factor for the ·unmixing algorithm was 
based on two criteria. First a comparison of mean factor scores between 
formations for each of the six factors was examined. Factor 3 was clearly the 
most variable in the data set. However, because the shape frequency 
distributions were found not to follow a normal distribution, the validity of 
using a sample mean may be questioned. Therefore, the shape frequency 
histograms of each factor were compared visually to determine a factor of 
maximum variability. Again · factor 3 proved to be the most variable ·shape 
factor. As a result, factor 3, or the measure of· a grains triangularity was 
chosen for the Q-mode analysis. 
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Q-mode analysis of the sample's shape frequency distributions indicate that 
95% of the variability could be accounted· for by assuming each sample to be a 
mixture of two grain shape types or end members. Additional end members 
account for less than 1 % of the variability and therefore can be considered 
insignificant. The two end member shape frequency distributions calculated are 
shown in Figure 5-8. End member 1 contains a large number of grains which 
possess near zero to slightly positive factor scores and represents a population 
dominated by non-triangular grains. End member 2 is represented by a 
... ,.. .... _ .. 
majority of grains with highly negative factor scores indicating a population of 
predominantly triangular grains. Relative contributions of the two end members 
in each sample are listed in Appendix F. 
Selected quartz grain samples were examined with an ETEC Autoscan 
scanning electron microscope to resolve the physical significance of the two end 
member shape types. Sample~ containing relatively high (greater than 70%) 
proportions of each shape type were examined to assure proper identification of 
the shape types. Resolution of gross grain morphology as well as grain surface 
features was· used to help interpret provenance, transport history, and diagenisis 
of the sediment end members. 
Results from the SEM analysis of shape type 1 are illustrated in Figures 
5-9 and 5-10. Quartz grains of shape type 1 are typically non-triangular, 
equant, and well rounded. Mechanical processes have played a major role in 
the transport modification of the quartz grain population. Examination of grain 
surface features reveal common occurrence of percussion pits, straight and curved 
scratches, and irregular pits. I Chemical processes however, have been far less 
active in sediment modification as dissolutional and precipitational features are 
1· 
··-
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Figure 5-9: SEM photograph of Type I sand grain. Scale bar represents 
-
10.0 microns. Typical well-rounded, non- triangular Type I 
grain. Numerous mechanical abrasion features are visible: 
percussion and irregular pits, straight and curved scratches. Note 
only minor evidence of chemical modification 
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Figure· 5-10: SEM photograph of Type 1 sand grain. Sca]e bar represents 
10.0 microns. Note relict overgrowth feature [upper right-hand 
corner) modified by abrasion. Dissolutional features slightly 
more prominent than average Type 1 grain 
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scarce to absent. 
The dominance of mechanical processes and res·ultant observed surface 
features indicate that abrasion took place during transport in a subaqueous 
media (Krinsley and Doornkamp, 1973). The intensity of impact features, not 
as extensive as those found in the marine. environment, indicate the sediment 
' 
was probably deposited in a fluvial system. A dominant feature of a majority 
of the type 1 grains is the presence of relict crystalline overgrowths, partially 
destroyed by dissolution (Figure 5-10) The relict overgrowths represent a 
possible past cementation event suggesting a sedimentary source for the type 1 
sediments. 
Results from SEM analysis of shape type 2 are illustrated in Figures 5-11 
and 5-12. Characteristic grains of shape type 2 possess a triangular morphology 
and are quite angular. The grains typically show a very low relief (lack 
extensive surface features) indicating that mechanical and chemical processes of 
sediment modification were minimal. The surface features present, conchoidal 
fractures and fracture plates, are apparently pre-transportational effects, a result 
of liberation from the source material (Higgs, 1979). These surface features are 
occasionally confused with features produced through glacial transport. However, 
glacial features are classified by the presence of conchoidal fracture in 
combination with grain to grain grinding features· (parallel striations, adhering 
. 
particles). The type 2 grains show no evidence of any grinding features so 
glacial transport can be ruled out. The lack of any other surface features on 
the type 2 grains suggests that the sediment was freshly liberateq.! from a coarse 
~ ; ~ 
crystalline source. The low relief suggests also that the sediment underwent a 
relatively short transport 1period followed by rapid deposition. 
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Figure 5-11: SEM photograph of Type 2 sand grain. Scale bar represents 
I 0.0 microns. Angular, triangular grain, typical of Type 2 
sediment. Low relief and lac~ of any surface features other 
than concoidal fractures and fracture plates 
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Figure 5-12: SEM photograph of Type 2 sand grain. Scale bar represent~ 
10.0 microns. The Type 2 , grain displays · typical concoidal 
fractures and fracture plates. Left side of grain exibits 
moderate dissolutional features 
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5.3.1 Distribution of sand types 
Each sample is a mixture in varying proportions of the two grain shape 
types previously defined in the unmixing algorithm. The proportions of grain 
shape types are plotted on -generalizecf stratigraphic sections correlated through 
Central New Jersey, Delaware, and Northern Maryland {Figure 5-13). The 
zonation of shape types within formation previously suggested from the mean 
factor score plots is readily· apparent in the Q-mode unrnixing .. results. 
--
The rounded sediment type 1 is found exclusively in the upper sand units 
of each formation. Conversely, the more angular type 2 sediment is located 
only in the basal units of the formations. Samples from the undifferentiated 
facies of the Raritan and Sand Hill outlier are composed primarily of sediment 
type 1 but also contain a significant amount of type 2 sediment. 
• 
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11Chapter 6 
Discussion 
, .. 
6.1 Grain shape distributions 
The sedimentary property of grain shape is usually analysed through the 
measurement and evaluation of a large number of grains in a particular sample. 
The goal in a grain shape study then is to resolve similarities and differences 
between samples. The ideal method for such between sample analysis is to use 
all of the data, that is each shape measurement within the sample. Obviously 
an attempt to use all possible data would result in a plethora of information, 
impractical for analysis. Consequently, past workers have attempted to 
represent the data with ·fewer variables. An assumption that grain shape obeys 
a normal distribution allows a variable to be described by only two parameters, 
the mean and standard deviation. A problem arises in that grain shape does 
not consistently conform to a normal distribution. If, for example a particular 
sample· is composed of a mix of two different shape types, circles and squares , 
that frequency distribution would be clearly bimodal. Representation of this 
distribution of shapes with a mean and standard deviation would assume 
unimodality resulting in a significant loss of information and poor representation 
of the data. 
Statistical analysis of factor means from the Potomac-Raritan-Magothy 
data set produce results of questionable usefulness. The method statistically 
distinqu~shed between samples from the upper and lower portions of each 
formation. However, there was an inability of the method to distinguish 
.. 
between samples from upper members of three formations as well as between 
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samples from the lower members. These results can be attributed to the 
resolving power of the method. When the sample is a mixture of two or more 
different shape types, the assumption of a normal distribution results in some 
loss of information. The samples for which the method is able to resolve 
differences possess such different shape signatures. that the loss of information 
does not alter the end result. Samples which were found to be not significantly 
different have two possible explanations. First, the loss of information obscured 
genuine differences between samples; or, the samples actually possess similar 
shape signatures. 
Application of mean estimated factor scores in grain shape research may 
be applied effectively as long as certain conditions are noted. Differences found 
between samples are probably true variations in the shape signature, although 
they may be more significant than reflected in the numerical values. 
Similarities, however are not unconditionally true similarities in the shape 
signature as they may represent a distortion in the data created from the loss 
of information during data transformation. 
In the Potomac-Raritan-Magothy data set, failure to resolve significant 
differences' between samples presents three possible outcomes. First, the samples 
may actually possess similar shape signatures. Second, the samples may be 
different but loss of information obscures resolution of these differences. Finally, 
the samples may show similar shape characteristics in the lower factors (gross 
shape), · but reveal significant differences at the higher factors which represent 
finer scale features of grain shape. 
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6.2 Stratigraphic relationships 
The Potomac Group of northern Maryland, clearly· divisible into three 
lithologic units, displays an obvious shape type zonation (Figure 5-13). The 
basal Patuxent Formation is composed of almost exclusively the angular shape 
type 2 sediments, while the upper Patapsco Formation is composed dominantly 
, .. 
of the more rounded sediment type 1. Northward into Delaware and southern 
New, Jersey, the Arundel Clay pinches out making discrimination between the 
Patuxent and Patapsco on the basis of gross lithology nearly impossible. · For 
this reason, the Pot.omac sediments in the Delaware region are referred to as 
simply the Potomac· Formation (Jordan, 1983). However, samples from borings 
which penetrate the complete Potomac section in southern New Jersey reveal the 
same shape zonation observed in Maryland. Therefore, a correlation of the 
upper (Patapsco) and lower (Patuxent) Potomac units along strike on the basis 
of sediment grain shape is a viable alternative when a similarity in lithologies 
prevents traditional correlation. 
In the Raritan Formation of north central New Jersey, a similar shape 
zonation is apparent in the two sand units, the Sayreville and Farrington 
Members. However, the Raritan of northern New Jersey has a very localized 
occurrence, rapidly thinning to the southwest. As a result, there is no 
opportunity to test correlation of the units on the basis of shape over any 
significant distance. 
The undifferentiated facies of the "Raritan" is found southwest of the true 
Raritan Formation. This facies is composed of 0 predominantly shape type 1 
sediments, however a significant type 2 population is also present. The 
undifferentiated facies is statistically different from both the upper and lower 
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members of the true Raritan Formation. The data suggest that the 
undifferentiated facies may represent an intermediate phase of deposition b~tween 
Potomac and Raritan time. This interpretation applies also to the Sand Hill 
outlier which is apparently part of the same undifferentiated facies. 
The Magothy Formation is the only lithologic unit within the study area 
which is continuous from New Jersey to Maryland. In 
1
north central New 
Jersey, a composite shape type zonation, similar to those found in the Potomac 
and Raritan is observed (Figure 5-13). The lower Magothy is composed 
exclusively of sediment shape type 2, and the upper Magothy of sediment type 
1. Samples from the Magothy Formation in Delaware and northern Maryland 
consist primarily of sediment shape type 1. The absence of shape type 2 
sediments suggests that the lower Magothy Formation is missing in the southern 
region of the study area. Palynologic data support this conclusion in finding a 
significant unconformity (Coniacian-Albian) between the Magothy and Potomac 
Formations (Doyle, 1977). 
6.3 Origin of the shape types 
Angular shape type 2 possesses grains with surface features and a gross 
morphology indicative of a sediment freshly liberated from a crystalline source. 
As surface relief, other than pretransportational features, is extremely low, the 
sediment transport distances must have been relatively short (Higgs, 1979). An ' 
obvious potential source for the type 2 sediment is the metamorphic rocks of 
the Piedmont region. Distribution of metamorphic rock bodies within the 
Piedmont show that the probable source material lay no further than 150 
kilometers from the Raritan and Sali~bury Embayments, the major depocenters 
of Cretaceous time (Figure 6-1). 
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A Piedmont source for the basal Potomac-Raritan-Magothy (shape type 2) 
·has been suggested by several authors based on heavy mineral content (Groot, 
1955; Dryden and Dryden, 1956; McCallum, 1957). An immature suite of 
minerals, staurolite-kyanite-:tourmaline, indicative of a metamorphic source are 
characteristic of the type 2 sediment. Evaluation of sediment grain shape is in 
agreement with the previous heavy tpineral investigations. 
The origin of shape type 1 is more problematic as there are a number of 
reasonable source area possibilities. The potential source areas include: reworked 
underlying Cretaceous sediments, highly weathered crystalline Piedmont, Triassic 
... 
basin elastics, and multi-cycle Paleozoic sediments from the folded Appalachians. 
Heavy mineral d&.ta are of Jittle help because the impoverished zircon-rutile-
tourmaline suite characteristic of the type 1 sediments could be derived from 
0 
any of the four potential source areas. 
Reworked Cretaceous sediments are the least likely source of the rounded 
type 1 sediments. The gross shape of a detrital quartz grain is a feature 
inherent to the sediment source. Later transport and abrasion of the grain 
results in a modification of the grain's surface features but does not significantly 
alter the overall shape. Sediment types 1 and 2 were distinguished from one 
another by their non-triangular and triangular morphologies, respectively. 
Therefore, it ·seems unlikely that the underlying type 2 sediments could be 
sufficiently. modified to resemble type 1 sediments during reworking. 
·· Triassic basin elastics and crystalline Piedmont are also possible sources of 
the type 1 sediments. Both these potential sources are in close proximity to 
the two major depocenters of Cretaceous time and are therefore . reasonable 
possibilities. However, outliers of early Cretaceous sediment are presently found 
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deposited upon both Triassic basin and Piedmont materials suggesting that a 
majority ·of both regions were covered by sediment throughout the remainder of 
Cretaceous time. Additionally, sediment derived from the Piedmont has 
previously been found to be composed of the ang~lar type 2 sediments. 
>-Therefore, these materials seem improbable as potential sources of the type 1 
sediments. 
The Paleozoic elastic sedimentary rocks of the folded Appalachians appear 
to be the most likely major source. for the type 1 sediments. The folded 
Appalachians are located at a significantly greater distance from the Cretaceous 
depocenters than either the Triassic basin elastics or the Piedmont '(Figure 6-2). 
The extensive grain surface features, indicative of prolonged mechanical abrasion 
through transport, observed in type 1 grains are supporting evidence for a more 
distant source material. Also, the well-rounded, non-triangular morphology of 
sediment type 1 is characteristic of a multi-cylced sedimentary source. Finally, 
relict crystalline overgrowths, ubiquitous in type 1 sediment, imply a well-
. 
cemented elastic sediment to be the primary source. 
6.4 Depositional history 
A complete understanding of the origin of the sediment shape types is 
essential in the formulation of a model of depositional events for the nonmarine 
Cretaceous sequence. Immediately apparent is that two different source areas, 
the metamorphic rocks of the Piedmont region and folded sedimentary rocks of 
the Appalachian region provided the majority of the sediment for the complete 
nonmarine sequence. Also evident is the cyclicity in which the two shape types 
. occur in the stratigraphic section. In each of the three litholcrgi-es, the basal 
sand members are composed exclusively of shape type 2 (Piedmont), while the 
_./ 
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upper sand members are composed of shape type 1 (Appalachians). Insight into 
the change of sed.iment source areas throughout the Cretaceous provides 
adequate information for a model of past sedimentation to be hypothesized for 
the region. 
A depositional model for the nonmarine Cretaceous sediments is presented 
in the following discussion. The model is based primarily on observations of 
sediment shape type variations throughout the vertical section. Additional 
information on lithology and mineralogy from both the present and past studies 
is integrated with the grain shape data to help constrain the model. 
In Early Cretaceous (Neocomian) time, the Piedmont region was uplifted 
and Patuxent (lower Potomac) sedimentation began. The angular type 2 fluvial 
sediments were deposited eastward into a subsiding basin,· the Salisbury 
,· 
Embayment. Lithologic and textural evidence indicate that the initial Patuxent 
rivers draining the Piedmont were high energy systems, perhaps braided streams. 
Glaser {1969) noted that the streams draining the Piedmont varied in length 
from 20 to 200 kilometers. As the system matured through Neocomian time, 
the coastal plain aggraded westward onto the increasingly more subdued 
Piedmont topography. Transport energies waned and a period of poor drainage 
(marshes and swamps) resulted in deposition of the Arundel Clay. The Arundel 
Clay however, is a locally isol~ted facies of the Potomac as this phase of 
deposition is not seen to the north in Delaware. 
Following the period of lacustrine or paludal deposition, the subdued 
.. , 
Piedmont was again exposed to a mild uplift event. A · brief erosional period 
followed through part of Aptian time. Deposition of Patapsco (upper Potomac) 
sediments followed this brief hiatus. Lithologic evidence suggests that the 
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depositional energies were significantly lower than those · observed in Patuxent 
sedimentation. Deposition took place on a lower deltaic plain by constantly 
meandering, low gradient rivers (Glaser, 1969). 
The appearance of predominantly rounded grains (shape type 1) in the 
Patapsco deposits recorded a significant change in source areas between 
Patuxent and Patapsco sedimentation periods. During the brief hiatus in 
Aptian time, the larger streams draining the Piedmont region, through continued 
headward erosion, accessed the sedimentary, rocks of the Appalachian region. 
Unfortunately, due to the· sampling density, it is'' unknown whether this 
transition is reflected in the sediment as a gradational or abrupt change in 
sediment types. 
The transition from Patapsco to undifferentiated "Raritan" sedimentation 
is not clear. Both lithologies possess a dominant rounded sediment type 1, 
indicating an Appalachian source. However, there are sta~istical differences 
between the two units. Palynological evidence indicates that the 
undifferentiated Raritan actually decreases in age from Maryland to southern 
New Jersey. In Maryland the "Raritan" is age equivalent to the Patapsco 
(Albian) and northward decreases to Cenomanian. Also, no unconformity has 
yet been found between the two units. Therefore, the undifferentiated "Raritan" 
may actually represent a time-transgressive unit of the upper Potomac (Patapsco 
Formation) produced in response to differential subsidence in the basement 
structures. 
As deposition of the undifferentiated "Raritan" facies moved further to the 
northeast, structural changes began to modify the Cretaceous Coastal Plain 
depocenter. Rates of subsidence in the Early Cretaceous depocenter, the 
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Salisbury Embayment, waned.· At the same time, further north, subsidence 
began in a structural region now referred to as t'he Raritan Embayment. This 
structural basin became the major depocenter through the rest of Late 
Cretaceous time. 
With the inception of subsidence in the Raritan Embayment, a brief 
erosional period may have occurred in late Cenomanian time. Again the 
question is raised as to whether the transition from undifferentiated "Raritan" 
to the true Raritan Formation of northern New Jersey is marked by an 
unconformity. Unlike the Patapsco-" Raritan" transition, this transition is 
J' 
marked by a change in the source areas. The basal Raritan (Farrington Sand), 
unlike the undifferentiated facies, is composed exclusively of angular sediment 
type 2. Therefore, it is likely that at least a small unconformity separates the 
units. The type 2 sediments were probably derived from the nearby, newly 
uplifted, metamorphic rocks of New England to the northeast. Lithologic 
evidence indicates the Farrington Sand was deposited in high energy 
environment similar to that of the Patuxent. The system gradually matured 
resulting in the deposition of a number of localized silt and clay units. 
As the drainage system matured, many of the larger streams moved 
northwestward into the Appalachian region. The upper Raritan (Sayreville 
Sand) reflects this change in the source area by the appearance of an abundance 
of rounded type 1 sediment. These . deposits are clearly the result of a low 
gradient, mature, fluvial system. Final stages of Raritan deposition record the 
continued decrease in depositional energies and periods of non-deposition. 
The period of non-deposition was followed once again by renewed uplift · 
,, 
(Coniancian time) of the metamorphic rocks in the New England province, 
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proximal to the Raritan Embayment. As curre
nt velocities then increased, 
foil owing a brief period \ erosion, deposition of th
e basal Magothy ( Old Bridge 
Sand) began. The abundance of angular typ~ 2 sediments in t
his basal deposit, 
like others in the nonmarine sequence, record yet 
another shift in source areas. 
The basal Magothy sediments were almost certain
ly derived from the recently 
uplifted metamorphics of New England. Further 
to the south, away from the 
Raritan Embayment, the lower Magothy sediments
 are absent. Apparently, in 
the southern region of the study area, erosion fro
m the recent Piedmont uplift 
continued straight through Conciacian time. 
Once again in Campanian depositional energies w
aned and the resultant 
sediments deposited were found to consist of the ro
unded sediment type 1. The 
change in sediment shape types in the uppe
r Magothy again begs the 
interpretation· that a change in source area 
through the maturation and 
extension of the drainage area is responsible. In 
the previous nonmarine units 
this assumption would be reasonable. However, t
he upper Magothy sediments 
appear to record a transition between the purely n
onmarine fluvial system to a 
more marginal marine environment (Owens and Sohl, 1969)
. Therefore, the 
upper Magothy sediments were likely derived from
 the reworking of underlying 
fluvial Cret~ceous deposits. The shape type 1 s
ediments characteristic of the 
upper Magothy are actually indirectly derived fro
m the Appalachian region as 
all r of the directJy underlying Cretaceous sedim
ent was derived from the 
Appalachian source area . 
• 
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6.5 Future research 
An interesting grain shape zonation was observed in the 
• 
nonmar1ne 
Cretaceous sedime
1
nts. Although the sampling scheme was able to resolve this 
. 
'"-
shape zonation, sampling density was not detailed enough to determine the 
nature of the zone contacts. A finer scale sampling pattern would be useful in 
determining if the zonation contacts are abrupt or gradational. 
The Potomac-Raritan-Magothy sediments were found to be composed of 
two distinct grain shape types in varying proportions. Sediment type 1 was 
\ 
\ 
apparently derived from the folded elastic sedimentary rocks of the 
Appalachians. Sediment type 2 was derived from metamorphic rocks of the 
Piedmont. A grain shape investigation of sediments from present fluvial systems 
draining the Piedmont and Appalachian regions would help further constrain the 
previously defined shape types. 
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1. Methodology 
Chapter 7 
Conclusions 
a. Polar coordinate plots of the R-mode factor loading matrix 
illustrate the physical meaning of each fac~gr. 
b. Six factors accounting for 94% of the variance, are adequate to 
describe the gross shape of detrital sand grains. 
c. Factor scores, which quantify the relative contribution of each 
shape factor to a grain's overall shape, are not normally 
distributed for each sample. This implies that the use of the 
.mean and standard deviation may result in an appreciable loss 
of shape information. 
d. Q-mode factor analysis demonstrates that the factor score 
frequency distributions of sand samples in this study can be 
reproduced by the mixing in different proportions of only two 
end member shape types. 
2. Geological 
a. Based on similarity of shape signature, samples from the Sand 
Hill Outlier appear to best correlate with the undifferentiated 
facies of the Raritan Formation. 
b. The undifferentiated Raritan possesses a shape signature 
different from and intermediate between the overlying Raritan 
and underlying Potomac units. This may imply a transitional 
phase in the change in sedimentation patterns apparently due to 
structural modifications of the Atlantic margin basement which 
caused the major Cretaceous depocenter to move northward. 
c. The fluvial sediments of the Potomac, Raritan, and Magothy 
Formations are composed of two distinct shape types, mixed in 
varying proportions. Shape type 1 is predominantly equant, 
well-rounded grains probably derived from the Paleozoic elastics 
of the folded Appalachians. Shape type 2 is composed of 
triangular, angular grains that . are apparently derived from 
metamorphic rock bodies of the Piedmont region. 
d. A two-fold shape type zonation is recorded in the · Potomac-
Raritan- Magothy sediments. The basal units of all three 
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formations consist almost exclusively of shape type 2 grains 
(Piedmont). The upper units are composed predominantly of 
shape type 1 grains (Appalachians). The zonation of shape 
types within this nonmarine sequence appears to be the result 
of maturation and westward extension of the Cretaceous fluvial 
systems and subsequent access to different rock types. 
e. The Potomac· Group of northern Maryland is divisible into three 
lithologic units. The' basal Patuxent Formation is composed 
almost exclusively of the angular shape type 2 grains, while the 
upper Patapsco Formation is composed dominantly of the more 
rounded shape type 1 grains. Although the non-sandy Arundel 
Clay pinches out northward into Delaware and Southern New 
Jersey making this tripartite lithologic subdivision urecognizable, 
the same two-fold shape distinctions are present in samples from 
borings. Within a stratigraphic framework such as established 
by this study, grain shape zones may be . a useful tool for 
stratigraphic correlation along strike where the conventional 
lithologic criteria are equivocal. 
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Appendix A 
Sample localities 
1. AlO - Patuxent Formation, drill core, Salem County, NJ . 
• d 
2. CHM - Upper Magothy Formation, Howell's Pt, Betterton, MD. 
3. CHP - Patapsco Formation, Lookout Point, Elks Neck, MD. 
4. CLA - Patapsco Formation, drill core, Salem County, NJ. 
5. CLB - Patuxent Formation, drill core, Salem County, NJ. 
6. CSP - Patapsco Formation, drill core, Salem County, NJ. 
7. DAl - Undifferentiated Raritan Formation, along Delaware River, 
Kinkora, NJ. 
l> 
8. NJM - Upper Magothy Formation, Allentown, NJ, collected by Dr. 
J. D. Ryan. 
9. NJR ·- Undifferentiated Raritan Formation, Allentown, NJ, collected · 
by Dr. J. D. Ryan. 
10. P2A - Potomac Group (Patapsco Fm.?), Elks Neck State Park, Elks 
Neck, MD. 
11. P5A - Patapsco Formation, Elks Neck State Park, MD. 
12. RF2 - Farrington Sand Member (Lower Raritan), Sand Hills, NJ, 
sand pit on north side of King George Post Road. 
13. RF5 - Farrington Sand Member (Lower Raritan), Sand Hills, NJ, 
south side of Clearview Road. 
14. R02 - Old Bridge Sand Member (Lower Magothy), Jamesburg, NJ, 
newly opened pit 1.25 miles.,east of New Jersey Turnpike. 
'\ 
15. SHR - Sand Hill Outlier, Princeton, NJ, southbound Route 1, 
abandoned pit. 
16. SHl - Sand Hill Outlier, Princeton, NJ, northbound Route 1. 
l 
17. XJ4 - Old Bridge Sand Member (Lower Magothy), Jamesburg, NJ, 
2.5 miles east of New Jersey Turnpike. 
74 
18. XSH - Sand Hill Outlier, Princeton, NJ, off Route 1 on Sand Hill 
Road. 
19. XSl - Sayreville Sand Member, Sayreville, NJ, gravel pit on south 
side of Main Street. 
20. XS4 - Sayreville Sand Member (Upper Raritan), Sayreville, NJ, north 
side of Main Street in the Phoenix pit. 
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Appendix B 
Beta coefficients from the St. Peter 
Sandstone, St. Paul, 
Minnesota 
Factor 1 Factor 2 Factor 3 Factor 4 Factor 6 Factor 8 
-.0497 -.0019 .0646 -.1271 -.0438 .0342 
-.0483 .0379 .0689 -.1194 .0418 .0486 
-.0432 .0769 .0408 -.0638 .1197 .0647 
-.0309 .1096 .0038 .0429 .1428 .0867 
-.0076 .1221 -.0473 .1621 .0711 .0708 
.0193 .0962 -.0891 .1887 -.0499 .0373 
.0396 .0474 -.0962 .1279 -.1209 -.0610 
.0488 .0046 -.0764 .0340 - .1068 -.1418 
.0612 -.0263 -.0432 -.0498 -.0616 -.1964 
.0499 -.0461 -.0067 -.0939 .0143 -.1993 
.0466 -.0678 .0308 -.1101 .0710 -.1477 
.0432 -.0683 .0669 -.0912 .0997 -.0484 
.0376 -.0737 .1018 -.0370 .1169 .0941 
.0276 -.0782 .1318 .0469 .0949 .2822 
.0070 -.0714 .1380 .1849 -.0036 .4140 
-.0287 -.0392 .0669 .2043 -.1666 .3673 
-.0473 -.0086 -.0664 .0760 - .1740 .0926 
-.0482 .0014 -.0980 -.0309 -.1072 -.0277 
-.0486 .0024 -.0997 -.0776 -.0091 -.0146 
-.0494 .0026 -.0773 -.0713 .1133 .0242 
-.0474 .0119 -.0144 .0028 .2277 -.0237 
-.0298 .0394 .0992 .1287 .2304 -.1936 
.0028 .0866 .1669 .1636 .0866 -.3198 
.0262 .0732 .1401 .0902 -.0767 -.2801 
.0384 .0706 .1062 .0187 - .1460 -.1210 
.0436 .0848 .0623 -.0447 - .1623 .0221 
.0471 .0694 .0229 -.0821 -.1040 .1634 
.0491 .0487 -.0166 -.0897 -.0338 .2387 
.0499 .0324 -.0496 -.0860 .0622 .2696 
.0480 .0066 -.0817 -.0117 .1297 .2066 
.0400 -.0380 -.1039 .0784 .1771 .0884 
.0207 -.0929 - .~0936 .1804 .1340 -.0908 
-.0066 - .1222 -.0617 .1842 .0116 -.1721 
-.0280 -.1147 -.0028 .0880 -.1046 -.1408 
-.0414 -.0826 .0368 -.0108 -.1500 -.0661 
-.0477 -.0426 .0688 -.0889 -.1186 .0048 
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Appendix C 
R-mode factor loadings from reference set, 
St. 
Sandstone, St. 
Factor 1 Factor 2 Factor 3 
1 -.876 -.013 .286 
2 -.861 .266 .261 
3 -.761 .613 .180 
4 -.544 .740 .017 
6 -.134 .824 -.209 
8 .341 .643 -.394 
7 .696 .320 -.421 
8 .869 .031 -.338 
9 .902 -.171 -.191 
10 .878 -.306 -.030 
11 .820 -.391 .136 
12 .761 -.447 .296 
13 .660 -.498 .460 
14 .486 -.614 .683 
16 .126 -.482 .610 
16 -.606 -.266 .247 
17 -.832 -.067 -.260 
18 -.847 .009 -.433 
19 -.866 .018 -.441 
20 -.870 .017 -.342 
21 -.834 .080 -.064 
22 -.624 .266 .439 
23 .060 .442 .689 
24 .444 .494 .620 
26 .641 .476 .486 
28 .768 .437 .278 
27 .829 .401 .101 
28 .866 .329 -.069 
29 .878 .219 -.219 
30 .846 .037 -.361 
31 .706 -.267 -.460 
32 .364 -.628 -.413 
33 -.097 -.826 -.229 
34 -.493 -.774 -.011 
36 -.728 -.667 .168 
36 -.840 -.287 .260 
\ 
n 
Peter 
Paul, 
Factor 
-.338 
-.318 
-.189 
.114 
.402 
.499 
.338 
.090 
-.132 
-.248 
-.291 
-.241 
-.098 
.122 
.436 
.640 
.198 
-.082 
-.206 
-.189 
.007 
.336 
.406 
.239 
.060 
-.118 
-.217 
-.237 
-.172 
-.031 
.202 
.424 
.434 
.233 
-.029 
-.236 
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4 
Minnesota 
Factor 6 Factor 6 
I 
.; 
,l 
' 
-.091 .034 
.087 .048 
.260 .064 
.298 .064 
.148 .070 
-.104 .037 
-.263 -.060 
-.221 -.139 
-.107 -.192 
.030 -.198 
.148 -.146 
.208 -.048 
.242 .096 
.198 .267 
-.007 .407 
-.326 .361 
-.383 .091 
-.224 -.027 
-.019 -.014 
.237 .024 
.476 -.023 
.481 -.190 
.137 -.314 
-.168 -.266 
-.306 -.119 
-.318 .022 
-.217 .180 
-.070 .232 
.109 .266 
.271 .202 
.370 .087 
.280 -.089 
.024 -.189 
-.218 -.138 
-.313 -.084 
-.248 .006 
' 
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Appendix D 
Estimated factor scores, formation means 
Fl F2 F3 F4 F5 F8 
Lower Potomac Group -.667 -.433 -1.497 -.066 .382 -.128 
(Patuxent Fm.) 
Upper Potomac Group -.663 -.239 -.826 -.026 .406 -.079 
(Patapsco Fm.) 
Lower Raritan Fm. -.714 -.383 -1.474 -.201 .636 -.113 
(Farrington Mbr.) 
Upper Raritan Fm. -.887 -.194 -.834 -.146 .246 -.034 
(Sayerville Mbr.) 
Lower Magothy Fm. -.662 -.340 -1.632 -.132 .462 .110 
(Old Bridge Mbr.) ,. 
Upper Magothy Fm. -.711 -.216 -1.000 -.197 .663 -.174 
Raritan Undi:£:£. -.699 -.347 -1.126 -.167 .382 -.222 
-· 
Sand Hill Outlier -.633 -.326 -1.077 -.116 .626 -.224 
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, Appendix E 
Hotelling's T squared test of equality, 
between 
formation analysis 
Sample 
• D T F DF P value comparison 
Pa tap-Me.glow .180 101.97 16.97 6, 2784 0.00 
Patap-Magup .043 24.43 4.06 6, 2778 0.00 
Pa tap-Farrin .162 94.03 16.64 6, 2791 o.oo 
Pa tap-Sayre * .013 7.24 1.21 8, 2776 0.30 
Patap-Se.ndh .038 28.37 4.72 8, 3182 o.oo 
Patap-Rarun .060 28.60 4.74 6, 2788 o.oo 
Pa tux-Pa tap .170 97.06 16.16 6, 2772 0.00 
Pe.tux-Me.glow* .017 6.86 1.14 6, 1689 0.34 
Patux-Magup .084 33.80 6.82 6, 1603 0.00 
Patux-Farrin * .014 6.47 0.91 6, 1618 0.49 
Pa tux-Sayre .167 63.06 10.48 6, 1601 0.00 
Pa tux-Re.run .046 18.07 3.00 8, 1693 o.oo 
Patux-Sandh .067 32.31 6.37 6, 2007 o.oo 
Maglow-Magup .098 39.03 6.49 6" 1696 0.00 
Me.glow-Farrin• .022 8.80 1 .. 48 6, 1608 0.19 
- .:1, 
Mag low-Sayre .173 69.20 11.60 6, 1693 o.oo 
Maglow-Rarun .072 28.46 4.72 6, 1686 0.00 
Maglow-Sandh .082 39.39 6.66 6, 1999 o.oo 
Magup-Farrin .068 23.48 3.90 6, 1622 o.oo 
Magup-Sayre .046 18.29 3.04 6, 1607 o.oo 
Magup-Rarun .042 11.18 1.86 6, 1189 0.08 
Magup-Sandh .061 16.48 3.67 e, 1816 o.oo 
·• 
Farrin-Sayre .;. .164 82.80 10.44 6, 1820 o.oo 
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Farrin-Rarun .038 16.41 3.62 8, 18
12 o.oo 
Farrin-Sandh .063 26.79 4.20 8, 202
8 o.oo 
Sa;yre-Rarun .048 18.34 3.06 8, '
1697 o.oo 
Sa;yre-Sandh .064 26.18 4.36 8, 2011
 o.oo 
Rarun-Sandh * .008 3.98 0.88 8, 2
003 0.68 
• Patap - Patapsco· Formation of Upper Potomac Group 
• Patux - Patuxent Formation of Lower Potomac G.roup 
• Sayre - Sayreville Sand Member of Upper Raritan Formation 
• Farrin - Farrington Sand Member of Lower Raritan Formation 
• Magup - Upper Magothy Formation 
• Maglow - Old Bridge Sand Member of Lower Magothy Formation 
• Rarun - Undifferentiated facies of the Raritan Fomation 
• Sandh - Sand Hill Outlier 
Ho: No difference in mean factor scores between formations. 
F critical = 2.09 at 95% significance level. 
* Denotes no significant difference detected between formations. 
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Appendix F 
End member shape type compositions. 
Results from FUZZY 
QMODEL 2 end member solution 
Sample 
lAlO 
2A10 
lCHM 
2CHM 
lCHP 
2CBP 
lCLA 
2CLA 
lCLB 
2CLB 
lCSP 
2CSP 
1DA1 
2DA1 
lNJM 
2NJM 
lNJR 
2NJR 
1P2A 
2P2A 
1P5A 
2P5A 
1RF2 
(%) Shape type 1 
4.37 
3.66 
86.70 
78.22 
88.10 
98.80 
99.86 
86.11 
3.89 
18.41 
99.00 
98.92 
96.66 
89.10 
90.20 
97.08 
97.33 
84.24 
96.94 
86.26 
70.88 
94.7Q 
8.62 
82 
i 
(%) Shape type 2 
96.63 
96.46 
34.30 
21.78 
11.90 
1.40 
0.14 
13.89 
96.11 
81.69 
1.00 
1.08 
3.36 
10.90 
9.80 
2.92 
2.67 
35.78 
4.06 
13.76 
29.12 
5. 30 \ · 
91.48 
2RF2 
1RF6 
2RF6 
1R02 
2R02 
1SHR 
2SHR 
1SH1 
2SH1 
1XJ4 
2XJ4 
lXSH 
2XSH 
1XS1 
2XS1 
1XS4 
2XS4 
'j 
.,.,_.: 
I 
26.01 
1.48 
12.03 
2.39 
3.20 
91.89 
73.69 
SQ.62 
Q6.61 
3.07 
10.38· 
22.26 
26.4Q 
Q2.66 
Q3.18 
Q6.76 
lQ.34 
83 
73.99 
98.57 
87.97 
97.61 
96.80 
8 .11-
26.31 
10.38 
4.39 
96.93 
89.62 
77.74 
74.61 
7.45 
6.82 
3.24 
80.68 
I 
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